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INTRODUCTION 


Prostate  cancer  (PCa)  is  the  second  most  common  cancer  in  men  in  America.  Metastasis  is 
the  most  dreaded  stage  of  cancer,  which  accounts  for  the  vast  majority  of  prostate  cancer 
related  deaths.  (Aguirre-Ghiso,  2007;  Jacobs  and  Sackstein,  2011;  Lange  and  Vessella, 

1998).  Identifying  the  population  at  risk  for  developing  advanced  PCa  and  preventing 
metastases  is  one  of  the  greatest  challenges  in  cancer  treatment  today.  Cancer  metastases  are 
the  culmination  of  a  complex  series  of  steps  where  cancer  cells  degrade  extracellular 
matrices  allowing  them  to  break  away  from  the  primary  tumors.  Circulating  tumor  cells 
(CTCs)  preferentially  roll  and  adhere  on  bone  marrow  vascular  endothelial  cells  where 
abundant  E-selectin  and  stromal  cell-derived  factor  1  (SDF-1)  are  expressed,  subsequently 
initiating  a  cascade  of  activation  events  that  eventually  lead  to  the  development  of  metastases 
(Barthel  et  ah,  2007;  Barthel  et  ah,  2013).  To  elucidate  the  importance  of  circulating  prostate 
cancer  cells’  rolling  and  adhesion  behaviors  in  the  development  of  metastasis,  we  applied  a 
dynamic  cylindrical  flow-based  microchannel  device  that  is  coated  with  E-selectin  and  SDE- 
1 ,  mimicking  capillary  endothelium,  and  allowing  prostate  cancer  cells  to  roll  and  adhere 
under  flow.  In  this  report  we  elucidate  the  roles  of  circulating  PCa  cells’  rolling  and  adhesion 
behavior  in  the  development  of  aggressive  metastatic  PCa.  We  applied  a  dynamic  flow-based 
E-selectin/SDF-1  coated  microchannel  system,  mimicking  post  capillary  venules,  as  we 
described  previously  (Hsu  et  ah,  2011).  We  demonstrated  that  circulating  PCa  cells’ 
rolling/adhesion  capacity  contributes  to  PCa’s  distant  metastasis,  which  is  mediated  via  an  E- 
selectin  ligand,  ESL-1.  Consequently,  the  interaction  of  E-selectin/ESL-1  transduces  a 
cascade  of  signaling  which  facilitates  prostate  cancer  metastasis. 

KEYWORDS 

Prostate  cancer,  circulating  prostate  cancer  cell,  rolling  cancer  cell,  E-selectin,  ESE-1. 


OVERALL  PROJECT  SUMMARY 

A.  Major  goals  of  the  project: 
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Task  1;  Correlation  of  cancers’  aggressiveness  with  their  adhesion  /rolling  capacity  in  static  and 
dynamic  flow-based  status  (timeframe;  months  1-12). 

la:  Determination  of  cell  rolling  capacity  in  a  dynamic  state  (timeframe:  months  1-12). 
lb;  Determination  of  cell  adhesion  ability  in  a  static  condition  (timeframe:  months  1-8). 

Ic:  Determination  of  cell  metastatic  behavior  in  vitro  (timeframe:  months  1-12). 

Task  2;  Sorting  prostate  cancer  cells  into  adhesion  (attached)  and  non-adhesion  (floating) 
subpopulations  and  comparison  of  these  two  populations’  metastatic  behaviors  in  vitro  and  in 
vivo  (timeframe;  months  5-24). 

2a:  Fractionation  of  prostate  cancer  (PRCA)  cells  based  on  rolling  capacity  (timeframe:  months 
5-20). 

2b:  Characterization  of  sorted  cells  metastatic  behavior  in  vitro  (timeframe:  months  7-18). 

2c:  Confirmation  of  metastatic  potential  on  those  rolling  PRCA  cells  in  vivo  by  the  orthotopic 
injection  mice  model  (timeframe:  months  13-24). 

Task  3: 

3a:  Verify  up-regulation  of  metastatic  promoting  genes  in  rolling  PCa  cells  by  the  Scatter  Plot 
analysis  using  the  metastasis  pathway  SuperArray  (timeframe:  months  7-12). 

3b:  Using  the  genome  wide  gene  array  profiling  to  build  the  network  that  controls  PCa  cell 
adhesion  and  metastasis  (timeframe:  months  13-24). 

3c;  Determination  of  those  metastatic  related  genes’  impact  to  cell  rolling  capacity  and 
metastatic  behavior  in  vitro  (timeframe:  months  15-30). 

3d:  Determination  of  those  metastatic  related  genes’  impact  to  cell  rolling  capacity  and 
metastatic  behavior  in  vitro  and  in  vivo  (timeframe:  months  25-36). 

B.  Accomplishment  under  these  goals: 

Task  1  Accomplishment: 

We  completed  task  land  reported  this  in  our  first  report. 

Task  2  Accomplishment: 

We  completed  tasks  2a  and  2b  and  reported  this  in  our  first  report. 

We  completed  task  2c  and  reported  this  in  our  second  report. 

Task  3  Accomplishment:  We  completed  task  3  and  following  is  a  brief  report: 
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Determination  of  the  aggressive/metastatic  related  gene 
1. 1.  ESL-1  expression  is  high  in  rolling  cells  and  tissue 

When  PCa  cells  come  in  contact  with  E-selectin  coated  surfaces,  some  cells  tether,  roll, 
and  ultimately  adhere  to  the  surface  (Dimitroff  et  ah,  2004).  It  has  been  shown  by  affinity  or 
binding  assay  that  E-  selectin  can  recognize  a  diverse  and  structurally  distinct  glycoconjugates  in 
various  cancer  cells  which  includes  P-selectin  glycoprotein  ligand- 1  (PSGE-1),  E-selectin 
ligand-1  (ESE-1),  a  Glycoform  of  CD44,  B2  integrin  and  glycolipids  (Barthel  et  ah,  2007).  To 
discover  the  molecular  characteristics  that  distinguish  rolling  from  floating  cells,  we  examined 
the  expression  levels  of  three  common  E-selectin  ligands,  CD44,  ESE-1  or  PSGE-1.  We  found 
that  only  ESE-1,  but  not  CD44  or  PSGE-1,  showed  a  much  higher  induction  in  rolling  PC-3  and 
DU  145  cell  lines  than  in  floating  cells  (Figure.  I.IA).  More  importantly,  this  elevated  ESE-1 
expression  was  also  found  in  the  prostate  of  mice  with  xenografted  tumors  from  implanted 
rolling  PC-3  cells,  as  compared  to  prostates  of  mice  implanted  with  floating  PC-3  cells  by 
Western  blotting  analysis  (Figure  I.IB).  ESL-1  was  expressed  in  prostate  tissues  and  their 
corresponding  metastatic  lung  lesions  by  shown  by  immunohistogram  (IHC)  (Figure  I.IC). 
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Figure  I.l.  ESL-l  was  elevated  in  rolling  PCa  cells.  (A)  Relative  mRNA  expression  levels  of 
E-seleetin  ligands;  CD44,  ESL-l  and  PSGL-1  in  sorted  PC-3  and  DU  145  cells  were  examined  by 
QPCR.  Bar  graph  represents  the  average  of  3  experiments.  Error  bars  indicate  SEM.  *,  P  <  0.05. 
E  represents  floating  and  R  represents  rolling  and  AP  represent  anterior  prostate.  (B)  Western 
blot  analysis  of  ESL-l  expression  in  the  prostate  tissues  of  xenografted  mice  implanted  with 
rolling  and  floating  PC-3  cells.  (C)  IHC  with  anti  ESL-l  antibody  of  the  same  prostate  tissues 
and  their  corresponding  lungs. 


1.2  Creation  of  shESL-1  and  scESL-1  in  PC-3  and  DU145  PCa  cells 

Previous  data  demonstrate  that  there  is  higher  expression  of  ESL-l,  an  E-selectin  ligand, 
in  rolling  PCa  cells  as  well  as  in  mouse  tissue.  To  determine  further  if  ESL-l  is  responsible  for 
rolling  PCa  cells’  aggressive  phenotypes,  we  utilized  RNA  interference  to  knock  down  ESL-l 
expression  in  PC-3  and  DU145  cells.  Two  shESL-1  (shESL-l#4  and  shESL-l#5)  and  one 
scramble  (scESL-1)  stable  cell  lines  were  generated  in  PC-3  and  DU145  and  the  expression  of 
ESL-l  was  determined  by  QPCR  and  Western  blot.  As  shown  in  Figure  I.2A  and  I.2B,  we 
successfully  knocked  down  ESL-l  expression  from  PC-3  and  DU145  cells.  Both  shESL-l#4  and 
shESL-l#5  ESL-l  clones  express  significantly  lower  amounts  of  ESL-l  than  scESL-1. 
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Figure  1.2  Creation  of  shESL-1  and  scESL-1  in  PC-3  and  DU145  PCa  cells.  (A)  Expression 
of  ESL-1  was  determined  by  Q-PCR  after  knoek  down  of  ESE-1  expression  by  RNA 
interferenee.  Bar  graph  represents  the  fold  reduetion  of  ESE-1  expression  in  shESE-l#4  and 
shESE-l#5  ESE-1  elones  eompared  to  seramble  eontrol  in  both  PC-3  and  DU145  eells.  (B) 
Western  blot  analysis  of  ESE-1  expression  in  shESE-l#4  and  shESE-l#5  ESE-1  elones 
compared  to  scramble  control  in  both  PC-3  and  DU145  cells. 

1.3.  ESL-1  is  responsible  for  PCa  cells’  rolling/adhesion 

Both  shESE-1  and  scESE-1  clones  were  subjected  into  different  in  vitro  assays  to  test 
their  aggressiveness  phenotypes,  hirst,  stable  shESE-1  clones  and  scramble  control  cells  were 
perfused  through  the  E-selectin+SDE-ip  coated  microtubes  and  their  rolling  capacity  was 
analyzed.  As  expected,  knocking  down  ESE-1  impairs  PCa  cells’  rolling  capacity  significantly, 
where  we  found  a  significantly  fewer  number  of  shESE-1  PC-3  and  shESE-1  DU145  cells  can 
roll  and  adhere  to  the  coated  microtubes  (Figure  I.3A).  We  also  examined  their  ability  to  adhere 
to  HUVEC  cells  and  found  that  shESE-1  PCa  cells  displayed  significantly  less  static  adhesion 
ability  than  scramble  control  cells  (Figure  I.3B). 
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Figure  1.3.  ESL-1  is  responsible  for  PCa  rolling  on  E-selectin  surface.  (A)  Examining  the 
rolling  cell  numbers  between  the  shESL-land  scESL-1  cells  using  the  microchannel  system 
under  flow.  Bar  graph  represents  the  average  rolling/adhesion  cell  number  of  consecutive  10 
frames  (5  OX)  of  videos  of  one  experiment.  A  representative  picture  was  shown.  Bar  scale  = 
100pm.  (B)  Comparing  the  static  adhesion  behavior  between  the  shESE-land  scESE-1  cells  on 
HUVEC  cells.  Bar  graphs  represent  the  average  adherent  cell  numbers  per  well  and  the  picture 
represents  50x  view  of  the  shESE-land  scESL-1  of  PC-3  and  DU145  adherent  cells.  Bar  scale  = 
50pm.  Results  represent  the  average  of  at  least  3  experiments.  Scale  bar  represents  100  um.  Error 
bars  indicate  SEM.  *,  P  <  0.05;  **,  P  <  0.01;  ***,  P  <  0.001,  ****,  P  <  0.0001. 

1.4.  ESL-1  is  responsible  for  PCa  cells’  aggressiveness 

In  addition  to  cell  adhesion,  we  also  tested  if  ESE-1  is  important  for  cells  to  grow  in  a  3D 
anchorage-independent  manner.  We  found  that  scESE-1  control  PC-3  cells  grew  many  colonies, 
while  strikingly  those  shESE-lof  PC-3  cells  did  not  develop  colonies  even  after  28  days  of 
culture  (Figure  I.4A).  This  result  remains  true  in  sphere  forming  assays  for  stem  cells’  property 
where  scESE-1  of  DU  145  cells  had  a  higher  number  and  bigger  size  of  spheres  compared  to 
shESE-1  cells  (Figure  I.4B).  These  data  support  a  critical  role  of  ESE-1  not  only  in  adherence 
ability  to  the  endothelial  cells,  but  also  in  tumorigenesis,  both  of  which  are  required  for  cancer 
metastasis. 
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Figure  1.4.  ESL-1  is  responsible  for  PCa  aggressiveness.  (A)  Anchorage-independent  soft  agar 
eolony  formation  assay  with  scESL-land  shESL-1  of  PC-3  eell  line.  Colonies  were  eounted  after 
28  days  of  culture.  Bar  graph  represents  the  eolony  numbers  per  well  in  6  well  plates  (eaeh  were 
triplieated).  (B)  3D  sphere  forming  assay  to  define  the  sphere  forming  ability  as  determinant  of 
sternness  of  seESE-land  shESE-1  of  DU  145  eell  line.  Bar  graph  represents  average  sphere 
numbers  in  eaeh  well  of  96  well  plate.  Results  represent  the  average  of  at  least  3  experiments. 
Seale  bar  represents  100  um.  Error  bars  indieate  SEM.  *,  P  <  0.05;  **,  P  <  0.01;  ***,  P  <  0.001, 
****,P<  0.0001. 


1.5.  ESL-1  expression  correlates  with  clinical  PCa  progression  and  metastasis 

We  have  identified  ESE-1  as  the  key  faetor  that  eontrols  eireulating  PCa  rolling/adhesion, 
suggesting  the  expression  levels  of  ESE-1  in  eireulating  PCa  might  serve  as  a  biomarker  to 
predict  PCa  patients’  outeomes.  To  assess  the  elinieal  relevanee  of  ESL-1  in  human  PCa 
samples,  the  gene  expression  profile  of  ESL-1  was  analyzed  through  public  microarray 
repositories  from  NCBI  Gene  Expression  Omnibus  (Profile  #  GDS2546;  Metastatie  prostate 
eaneer  HG-U95B).  We  eompared  the  expression  levels  of  ESL-1  in  three  groups:  (1)  normal 
prostate  tissue  free  of  any  pathologieal  alteration  (n=18),  (2)  primary  PCa  tumors  (n=63)  and  (3) 
distant  metastasis  samples  (n=25).  We  found  high  levels  of  ESL-1  in  metastatie  tumors  in 
eomparison  to  normal  prostate  and  primary  tumors  (Figure  1.5),  and  no  significant  difference  in 
normal  prostate  and  primary  PCa  tumors.  This  elevated  level  of  ESL-1  found  in  human  PCa 
metastatic  samples  further  supports  ESL-1  ’s  roles  in  PCa  metastasis;  in  particular,  its  status  in 
circulating  PCa  cells  could  be  an  important  functional  biomarker  for  prediction  of  disease 
behavior. 
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Figure  I.  5.  Elevated  ESL-1  expression  found  in  metastatic  prostate  cancer  patients’ 
tissues.  To  access  the  elinical  relevanee  of  ESL-1  in  human  PCa,  the  gene  expression  profile  of 
ESL-1  was  analyzed  through  public  microarray  repositories  from  NCBl  Gene  Expression 
Omnibus  (Profile  #  GDS2546;  Metastatic  prostate  cancer  HG-U95B).  Box  plots  represent 
expression  level  of  ESL-1  in  following  3  categories:  normal  prostate  tissue  free  of  any 
pathological  alteration  (n=18),  primary  PCa  tumors  (n=63)  and  distant  metastasis  samples 
(n=25).  ^  P  <  0.05.  NS  represents  non  specific. 


II.  Identifying  the  possible  ESL-1  modulated  signaling  pathway. 

II I.  ESL-1  may  activates  RAS-MAP  kinase  signaling  pathway 

The  activation  of  MAP  kinase  pathways  has  been  associated  with  cell  migration  and 
invasion,  as  well  as  more  aggressive  behaviors  (Guo  et  ah,  2013).  Of  particular  importance, 
activation  of  MAP  kinase  is  associated  with  cancer  metastasis,  and  elevated  levels  of 
phosphorylation  of  key  signals  such  as  ERKl/2  are  often  found  in  some  eaneer  invasion 
pathways.  Therefore,  we  tested  if  ESL-1,  in  contact  with  E-selectin,  could  activate  MAP  kinase 
signal  in  PCa  cells.  We  found  that  knockdown  of  ESL-1  significantly  reduced  nRAS, 
phosphoMEK,  phosphoERKl/2  expression  and  its  downstream  transcription  factor,  cFos  as 
compared  to  scramble  ESL-1  cells  (Figure  II.l  right  panel).  Importantly,  the  elevated  levels  of 
MAP  kinase  signaling,  such  as  nRAS,  pMEK,  pERKl/2  and  cEOS,  are  also  found  in  the  prostate 
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tumors  derived  from  the  xenografted  mice  who  received  high  ESL-1  rolling  PC-3  cells  (Figure 
II.l  left  panel)  and  DU145  cells  (Figure  II.l  middle  panel). 
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Figure  II.l.  ESL-1  activates  RAS-MAP  kinase  signaling  pathway.  To  study  the  underlying 
mechanism  by  which  ESL-1  controls  Western  blot  analysis  of  shESL-1  and  scESL-1  of  PC-3  and 
DU  145  cells  and  orthotopic  rolling  and  floating  prostate  tissues  were  compared  using  ESL-1, 
Nras,  total  MEK,  phosphoMEK,  total  ERKl/2,  phosphoERKl/2,  and  its  downstream 
transcription  factor,  cEOS  antibody.  GAPDH  was  used  as  a  housekeeping  gene. 


II.2.  Actin,  Myosin  and  Rho  related  may  controlled  by  ESL-1 

These  data  implied  that  PCa  cells  express  ESL-1  that  interacts  with  E-selectin  on  the  surface  of 
endothelial  cells,  and  this  interaction  would  then  induce  a  cascade  of  signaling  in  PCa  cells, 
consequently  altering  their  behavior  to  invade  and  grow  in  a  second  target  organ.  The 
downstream  targets  of  ESL-1  in  controlling  cancer  metastasis  were  investigated  by  applying  the 
integrin-mediated  cell  adhesion  and  migration  PCR  array  (Bio-Rad),  because  selectins  and  their 
ligands  orchestrate  the  cell  mobility/adhesion  mainly  through  an  integrin  dependent  mechanism. 
As  shown  in  Figure  II.2,  we  found  that  a  number  of  actin  and  myosin  related  genes  including 
Rho  family  were  down-regulated  in  the  shESL-1  cells  as  compared  to  scramble  control  cells.  Our 
data  indicate,  for  the  first  time,  that  ESL-1  is  the  key  factor  in  circulating  PCa  cells’  rolling 
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behavior.  The  activation  of  ESL-1  would  then  transduce  MAP  kinase  and  its  associated 
downstream  target  genes,  such  as  cytoskeleton  related  proteins,  consequently  altering  the  cell 
mobility,  and,  adhesion,  and  eventually  facilitating  cancer  metastasis. 
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Figure  II.2.  Identifying  ESL-1  downstream  targets  in  the  integrin-mediated  cell  adhesion 
pathway. 

Integrin-mediated  cell  adhesion  and  migration  PCR  array  was  performed  to  compare  the 
cytoskeleton  gene  expression  in  scESL-1  and  shESL-1  PC-3  cell  line.  Bar  graph  represents  the 
relative  fold  expression  3  clusters  of  genes  representing  Actin,  Myosin,  and  Rho  family. 

As  summarized  in  Figure  III,  circulating  PCa  cells  expressing  high  level  of  ESE-1  can 
be  stalled  and  roll  on  the  endothelial  cells  where  E-selectin  is  expressed.  Through  the  interaction 
with  integrin  and  bone  specific  SDF-1  in  the  endothelial  cells,  rolling  PCa  cells  then  form  firm 
adhesion,  transmigration,  and  eventually  complete  the  extravasation  of  cancer  cells  to  the 
metastatic  site.  Our  studies  further  demonstrated  that  the  interaction  of  E-selectin  with  ESL-1  in 
PCa  cells  triggers  a  signaling  kinase  cascade,  from  activation  of  RAS,  MEK,  and  ERK, 
consequently  inducing  the  expression  transcription  factors;  and  activates  a  cascade  of  gene 
expressions  that  allows  cancer  cells  to  migrate,  invade  and  spread  to  the  secondary  organs. 
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Figure  III.  Schematic  diagram  of  the  oncogenic  signaling  pathways  induced  by  E- 
selectin/ESL-1-  mediated  PCa  rolling  and  adhesion  on  endothelial  cell  surface.  PCa  cells 
express  high  level  of  E-seleetin  ligand,  ESL-1,  which  mediates  the  rolling, /adhesion  of  PCa  cells 
on  endothelial  surface  through  the  RAS-ERK-  MAPkinase  pathway. 

Materials  and  Methods 

mRNA  extraction  and  conversion  to  cDNA.  Cells  were  lysated  using  TRIZOL  reagent 
(Invitrogen)  and  RNA  was  extracted  following  the  recommended  protocol  and  converted  to 
oDNA  by  Cl 000  Thermal  Cycler  PCR  maehine  (Bio-Rad)  by  reverse  transeriptase  polymerase 
ehain  reaction  (RT-PCR)  following  manufacturer’s  (Invitrogen)  protoeol. 

Semiquantitative  RT-PCR  and  Real-time  PCR  Assay.  Total  RNA  was  extracted  from  cells 
using  Trizol  (Invitrogen)  following  the  company  protocol,  extracted  RNA  was  measured  by 
Nanodrop  2000c  spectrophotometer  and  converted  to  cDNA  by  RT-PCR  with  reverse 
transcription  by  the  iScript  reversetranscriptase  kit  (Bio-Rad)  using  Cl 000  Thermal  Cycler  (Bio- 
Rad)  following  the  protocol;  25  for  300s,  42  for  1800s,  85  for  300s  4  for  10s  n.  Real-time  PCR 
was  done  with  SYBR  Green  PCR  Master  Mix  on  an  Cl 000  Thermal  Cycler  CPX96  multicolor 
real-time  PCR  detection  system  (Bio-Rad)  following  protocol;  50'’C  for  2  min,  95°C  for  10  min 
then  40  cycles  of  denaturation  at  95°C  for  15  sec,  annealing  at  60°C  for  1  min  and  extension  at 
55°C  for  lOsec  and  95°C  for  5  sec. 
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Western  Blot  Analysis.  Whole  cell/tissue  lysates  were  prepared  by  lysating  eells  in 
Radioimmunopreeipitation  assay  (RIP A)  buffer  (1%  Igepal  CA-630,  0.5%  sodium  deoxyeholate, 
and  0.1%  SDS  in  PBS)  with  protease  inhibitor  eoektail  tablet  (eomplete  ultra  tablet  mini,  Roehe) 
on  iee.  Lysates  were  eentrifuged  at  14000rpm  for  20  minutes  at  4-8°C.  Supernatants  were 
eolleeted  and  protein  eoneentration  was  measured  by  Nanodrop  2000o  speetrophotometer  using 
Bio-Rad  protein  assay  dye  reagent  (Thermo  Fisher).  10  pg  protein  for  eaeh  sample  was  separated 
by  10%  SDS-PAGE  and  transferred  to  nitroeellulose  membranes.  The  membranes  were  bloeked 
for  2  hours  at  room  temperature  with  5%  BioRad  blotting  grade  bloeker  nonfat  dry  milk 
dissolved  in  TBST  [10  mmol/L  Tris-Cl  (pH  7.4),  150  mmoFL  NaCl,  0.05%  Tween  20].  The 
membrane  was  then  ineubated  with  primary  antibodies  diluted  in  TBST-l-5%  BioRad  blotting 
grade  bloeker  nonfat  dry  milk  at  4°C  overnight  following  the  eompany  reeommended  dilution. 
The  membrane  was  then  washed  with  TBST  and  then  ineubated  with  Horse  Radish  Peroxidase 
(HRP)-eonjugated  seeondary  antibodies  (Cell  Signaling)  for  45  minutes  at  room  temperature. 
The  membranes  were  washed  in  TBST  (3  times  for  10  minutes  eaeh  at  room  temperature)  and 
the  immunoreaetive  bands  were  visualized  by  alkaline  phosphatase  aetivity  with  the  5-bromo-4- 
ehloro-3-indolylphosphate-nitroblue  tetrazolium  phosphatase  substrate  (Thermo  Seientifie)  using 
Bio-Rad  ChemiDoe  XRS+  imaging  system. 

Antibodies.  Antibodies  were  used  aeeording  to  manufaeturer  reeommended  dilution  (from  1:100 
to  1:5000)  and  HRP-eonjugated  seeondary  antibody  was  used  to  1:2000  to  1:10,000  dilution. 
Primary  Antibodies: 

1.  ESL-1:  eell  Signalling  (Cat  #  ah  103439,  rabit  mAh) 

2.  Nras  (El 55):  Santa  Cruz  (Cat#  So-31,  mouse  mAh) 

3.  Total  MEK:  Cell  Signalling  (Cat#  4694s,  Rabit  mAh) 

4.  Phospho  MEK  :  Cell  Signalling  (Cat#  2338s,  Rabit  mAh) 

5.  Total  ERKl/2:  Cell  Signalling  (Cat#  4695,  Rabit  mAh) 

6.  Phospho  ERKl/2:  Cell  Signalling  (Cat#  4376,  Rabit  mAh) 

7.  ePOS:  Senta  Cruz  (Cat#  se-52,  mouse  mAh) 

8.  GAPDH:  Senta  Cruz  (Cat#  se-32233,  mouse  mAh) 

9.  PTubulin:  Cell  Signalling  (eat#  03/2013,  rabit  mAh) 

10.  Nanog:  Abeam  (ab80897.  Rabbit  mAb) 

Secondary  Antibodies: 
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1.  Goat  anti-mouse  IgG-HRP:  sc-2005  (SentaCruz) 

2.  Anti-Rabbit  igG-HRP:  #7074  (Cell  Signalling) 

3.  Donkey  anti-goat  IgG-HRP:  sc  2010  (Senta  Cruz) 

Immunohistochemistry  (IHC)  staining.  IHC  staining  was  performed  following  the  protocol. 
The  method  of  staining  and  microscopy  was  as  follows:  the  formalin-fixed  and  paraffin- 
embedded  sections  (5  pm)  of  samples  were  dewaxed,  and  then  rinsed  by  phosphate  buffered 
saline.  The  sections  were  stained  with  the  primary  antibody  (ESL-1)  before  being  analyzed  with 
the  commercial  kit.  Negative  control  experiments  were  performed,  in  which  phosphate  buffered 
saline  was  used  instead  of  the  primary  antibody.  Finally,  the  sections  were  counterstained  with 
hematoxylin  (Ricca  Chemical  Company  Catalogue  No.  3530-16)  and  rinsed  by  tap  water. 
Sections  were  observed  and  the  micrographs  were  pictured  using  Leica  DM5000  B  microscope 
coupled  with  Optronics  MacroFire  digital  camera. 

Establishment  of  shESL-1  PCa  Cells.  FSF-1  shRNA  and  universal  scramble  control  plasmids 
were  constructed  in  lentiviral  pGIPZ  vector  (Open  Biosystems)  following  the  company  protocol. 
To  establish  the  stable  cells  we  transfected  pGIPZ  -scramble  or  FSF-l  shRNA  (pGIPZ  -ESF-1 
shRNA  )  with  pGIPZ  -  psPAX2  (virus-packaging  plasmid),  and  PMD2G  (envelope  plasmid)  into 
293 T  cells  using  Fipofectamine  2000  (Invitrogen).  The  viral  containing  supernatants  were 
collected  48-72  hours  after  transfection,  infected  into  prostate  cancer  cells  (PC-3  and  DU145) 
and  selected  for  stable  gene  insertion  under  2  pg/ml  puromycin. 

Sequence  of  shESF-1  #4  is  sense  AAACTTGTAAGAAAACCGA, 

Sequence  of  shESF-1  #5  is  sense  AAACTTGTAAGAAAACCGA, 

Sequence  of  scFSF-lis  sense  ATCTCGCTTGGGCGAGAGTAAG  and  antisense 
CTTACTCTCGCCCAAGCGAGAG. 

Cell  adhesion  and  migration  PCR  array.  The  downstream  targets  of  FSF-l  in  controlling 
cancer  metastasis  were  investigated  by  applying  the  integrin-mediated  cell  adhesion  and 
migration  PCR  array  (Bio-Rad). 

Discussion 

During  cancer  metastasis,  CTCs  follow  a  selectin  based  migratory  pathway  that  is  similar 
to  leukocytes  during  the  inflammatory  response  (Bonnomet  et  ah,  2010;  Gajula  et  ah,  2013; 
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Juliet!  et  aL,  201 1;  Lev  et  al.,  2007;  Sackstein,  2004).  Dimitroff  et  al  have  shown  that  E-seleetin 
ligands,  sueh  as  PSGL-1,  are  over-expressed  in  human  prostate  bone  metastasis  tissues 
(Dimitroff  et  ah,  2004),  suggesting  a  critical  role  for  E-selectin  ligands  in  cancer  metastasis.  To 
date,  few  studies  have  reported  on  the  correlation  between  expression  of  the  E-selectin  ligands 
and  prostate  cancer  bone  metastasis  (Barthel  et  ah,  2007;  Barthel  et  ah,  2008;  Dimitroff  et  ah, 
2005;  Gout  et  ah,  2008).  In  this  study,  we  identified  ESL-1  as  the  key  factor  that  controls  PCa 
cells’  rolling  capacity  under  the  flow,  and  knocking  down  ESE-1  impairs  PCa  cell  rolling  and 
mobility,  and  disrupts  anchorage  independent  growth.  This  study  is  the  first  study  that 
demonstrates  the  functional  roles  of  ESE-1  in  controlling  PCa  rolling/adhesion  and  metastasis. 
ESE-1  is  a  Ca  dependent  inducible  cell  adhesion  glycoprotein,  responsible  for  converting  the 
initial  tethering  into  slow  rolling  in  myloed  cells  (Hidalgo  et  ah,  2007).  It  is  also  believed  to  be  a 
variant  of  the  receptor  of  fibroblast  growth  factor  (EGE)  (Mourelatos  et  ah,  1995;  Steegmaieret 
ah,  1995),  which  may  demonstrates  the  interesting  relationship  between  the  high  expression  of 
ESE-1  with  PCa  growth  rate,  as  PGP  is  known  to  be  one  of  the  growth  factors  in  cancer 
progression  (Turner  and  Grose,  2010). 

The  ESE-1  mediated  pathways  that  control  cancer  cell  adhesion/rolling  and  metastasis  are 
largely  unknown.  In  this  report,  we  showed  that  overexpression  of  ESE-I  activates  Ras-MAP 
kinase  cascade  in  PCa  cells,  then  triggers  the  expression  of  downstream  targets,  like  integrin 
mediated  cytoskeleton  system,  such  as  actin,  myosin  polymerization,  and  the  Rho  family  of 
proteins  (Parsons  et  ah,  2010).  The  ERK  signaling  pathway  is  known  to  control  diverse  cellular 
processes,  and  was  found  to  be  often  up-regulated  in  human  tumors.  ERK  signal  has  been  found 
to  be  important  for  the  osteomimetic  properties  of  the  bone  metastasis  of  prostate  cancer  cell 
lines  (Zayzafoon  et  al.,  2004),  and  expression  of  the  key  signal  factors  such  as  MEK5  is  found  to 
be  overexpressed  in  PCa  metastatic  tissues  (Mehta  et  ah,  2003)  and  can  promote  PCa  cell 
mobility.  Moreover,  we  also  identified  ESE-1  downstream  targeted  genes  that  are  involved  in 
the  cytoskeleton  movement.  All  of  these  proteins  are  required  for  cell  mobility,  cell  migration, 
and  cell  adhesion  and  all  those  cellular  behaviors  are  essential  for  cancer  progression  during 
distant  metastasis.  In  summary,  our  study  reported  a  novel  pathway  that  controls  cell  rolling  and 
adhesion,  from  ESE-1  to  RAS-ERK,  then  to  cytoskeleton  proteins.  Targeting  ESL-1  and/or  its 
regulatory  signal  molecules,  and/or  downstream  oncogenic  proteins  may  provide  a  novel 
therapeutic  strategy,  especially  for  those  patients  who  have  a  high  ESL-1  expression  in  CTCs. 
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Our  findings  on  ESL-l’s  oncogenic  properties  and  its  elevated  expression  proile  in 
clinical  metastases  are  clinically  significant.  First,  ESL-1  can  be  used  as  a  novel  functional 
biomarker  for  CTCs  that  can  be  used  to  predict  patients’  outcomes,  i.e.,  to  inelude  not  only 
patients’  CTCs  numbers,  but  also  the  expression  level  of  ESE-1  to  determine  CTCs’ 
“bioactivity”.  More  sensitive  assays,  such  as  an  immunofluorescence  assay,  and  an  in-depth 
large  scale  clinieal  study  are  required  to  further  establish  the  correlation  of  ESE-1  in  CTCs  with 
patients’  outeomes.  Seeond,  this  identified  oneogenie  pathway(s)  induced  by  ESE-1  can  serve  as 
a  principle  for  developing  targeted  therapy  for  those  patients  who  have  higher  levels  of  ESE-1  in 
their  CTCs. 

Metastasis  is  the  most  dreaded  stage  of  caneer  and  a  major  eause  of  death  from  prostate 
cancer.  Therefore,  understanding  the  PCa  metastatie  process,  and  identifying  the  essential 
molecular  events  during  metastases  are  important  tasks.  Our  study  provides  a  model  system  to 
isolate  and  charaeterize  a  small  rolling  population  of  CTCs,  and  identifies  a  key  molecule,  ESE- 
1,  for  its  roles  in  CTCs  rolling  and  cancer  metastasis.  Further  clinical  evaluation  of  the 
expression  levels  of  ESE-1  in  patients  and  corresponding  elinioal  outcomes  are  highly 
anticipated,  and  better  therapeutics  designed  to  block  CTCs  rolling  and  adhesion  require  further 
investigation. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Using  this  E-selectin/SDF-1  coated  flow  based  deviee  we  ean  seleetively  collect  the  most 
aggressive  prostate  eancer  eell  population  which  also  possesses  prostate  eancer  stem  cell 
like  criteria. 

•  More  aggressive  prostate  cancer  eells  possess  higher  rolling  eapaeity  on  bone  marrow 
endothelial  surfaee. 

•  More  aggressive  prostate  cancer  eells  express  higher  level  of  E-seleetin  ligand,  ESE-1 . 

•  Overexpression  of  ESE-1  may  aetivate  RAS-MAP  kinase  signaling  pathway  whieh 
enhance  cytoskeleton  movement  to  mediate  rolling/adhesion  for  prostate  cancer  cell 
migration  and  promote  proliferation. 
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CONCLUSION 

In  this  thesis  we  have  shown  that  E-seleetin  ligand,  ESL-1,  is  the  key  moleeule 
responsible  for  cireulating  PCa  cells’  rolling  and  adhesion.  Importantly,  knockdown  of 
ESE-1  in  PCa  cells  results  in  reduction  of  their  rolling  and  adhesion  ability  consequently 
reducing  the  cancer  aggressiveness.  Moreover,  upon  examining  the  ESE-1  gene 
expression  in  GEO  profile  human  database  we  found  a  positive  correlation  of  ESE-1 
expression  with  PCa  stages.  Molecular  mechanisms  revealed  that  ESE-1  can  activate 
Ras-ERK-Kinase  pathways  and  induce  their  downstream  targets  to  influence  cell 
movement  and  migration.  This  work  is  critical  as  we  demonstrate  that  circulating  PCa 
cells’  rolling  capacity  contributes  to  cancer  metastasis,  which  is  in  part  controlled  by 
ESE-1  mediated  signals.  This  ESE-1  mediated  oncogenic  pathway  represents  a  new 
therapeutic  target. 

According  to  the  American  Cancer  Society,  2014:  prostate  cancer  is  the  second 
leading  cause  of  death  in  men  in  the  United  States  of  America.  1  in  every  7  men  will  be 
diagnosed  with  prostate  cancer  during  their  lifetime  and  1  in  36  will  die  from  it. 
Metastasis  related  complication  is  the  most  common  cause  of  death  in  prostate  cancer 
patients  (American  Cancer  Society,  2014).  Eor  early  diagnosis,  the  most  common 
currently  used  screening  method  is  serum  PSA  level.  But  PSA  cannot  detect 
aggressiveness.  So,  we  are  lacking  a  better  diagnostic  system  for  aggressive/metastatic 
type  prostate  cancers  and  a  method  which  can  target  the  most  aggressive/metastatic 
prostate  cancer  cells.  The  findings  of  this  research  will  help  to  fill  this  need,  but  further 
studies  need  to  be  done.  This  study  provides  evidence  for  the  critical  roles  of  cancer  cell 
rolling  and  its  associated  molecular  events  in  cancer  metastasis.  This  flow-based  device 
might  provide  a  platform  for  functionally  characterizing  CTCs’  from  human  patients’ 
samples  and  also  personalize  the  treatment  model  of  prostate  cancer.  ESE-1  can  be  used 
as  a  prostate  cancer  aggressiveness  biomarker.  Eurther,  ESE-1  and  its  downstream 
pathway  can  be  targeted  to  control  prostate  cancer  metastasis. 
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PUBLICATIONS,  CONFERENCE  PAPERS,  AND  PRESENTATIONS: 

1 .  Poster  Presentation:  American  Urological  Association  (AUA),  Annual  Scientific 
Meeting,  Orlando,  Florida,  May  16-21,  2014. 

“E-selectin  Ligand- 1  Controls  Circulating  Prostate  Cancer  Cell  Rolling/ Adhesion  and 
Metastasis”. 

Authors:  Sayeda  Yasmin-Karim,  Michael  R.  King,  Edward  Messing  and  Yi-Een  Lee. 

Abstract:  Circulating  prostate  cancer  (PCa)  cells  preferentially  roll  and  adhere  to  bone 
marrow  vascular  endothelial  cells,  where  abundant  E-selectin  and  stromal  cell-derived  factor 
1  (SDE-1)  are  expressed,  subsequently  initiating  a  cascade  of  activation  events  that 
eventually  lead  to  metastases.  To  elucidate  the  importance  of  PCa  cells’  rolling/adhesion 
behaviors  for  developing  metastases,  we  developed  a  flow-based  microchannel  device  that  is 
coated  with  E-selectin  and  SDE-1,  to  allow  PCa  cells  to  roll/adhere.  Using  this  devise,  we 
captured  a  small  fraction  of  rolling  PCa  cells  with  more  aggressive  cancer  phenotype  and 
stem  cell-like  characteristics,  and  developed  metastatic  tumors  in  vivo.  Moreover,  genes 
coding  for  E-selectin  ligands,  cancer  stem  cells  and  cancer  metastases  were  found  to  be 
elevated  in  rolling  PCa  cells.  Knock  down  of  E-selectin  ligand- l(ESL-l)  on  rolling  cells 
significantly  impaired  PCa  cells’  rolling  capacity  and  reduced  cancer  aggressive  phenotypes. 
Moreover,  ESL-1  activates  RAS,  consequently  inducing  MAP  kinase  cascade  and  its 
downstream  targets  to  influence  cell  proliferation  and  migration.  Our  results  indicated  that 
PCa  cells’  rolling  capacity  contributes  to  PCa  metastasis  and  this  is  in  part  controlled  by 
ESL-1  and  downstream  signals.  Thus,  ESL-1  and  its  induced  oncogenic  pathways  represent 
new  therapeutic  targets  for  controlling  circulating  PCa  cells’  rolling,  adhesion  and  distant 
metastatic  abilities. 

2.  Submitted  for  publication:  “E-selectin  Ligand- 1  Controls  Circulating  Prostate  Cancer 
Cell  Rolling/ Adhesion  and  Metastasis”.  Sayeda  Yasmin-Karim,  Michael  R.  King, 
Edward  Messing  and  Yi-Een  Lee. 
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INVENTIONS,  PATENT  APPLICATIONS,  AND/OR  LICENSES: 

Inventions: 

-  Technique  to  study  the  rolling  behavior  of  circulating  prostate  cancer  cells 

-  Identified  a  key  molecule  and  its  possible  pathway  responsible  for  prostate 
cancer  cells’  rolling  and  aggressiveness. 


REPORTABLE  OUTCOMES 

We  concluded  that  adhesion  molecules  play  a  major  role  in  cancer  metastatic 
process  and  this  dynamic  microchannel  system  allows  us  to  capture  the  rolling  CTCs  and 
identify  the  specific  gene  profile  for  each  individual  cancer.  Our  results  indicated  that 
circulating  PCa  cells’  rolling  capacity  contributes  to  PCa  metastasis,  and  this  is  in  part 
controlled  by  ESL-1  and  may  follow  downstream  MAP  kinase  signals.  Thus,  ESL-1  and 
its  induced  oncogenic  pathways  represent  new  therapeutic  targets  that  control  circulating 
PCa  cells’  rolling,  adhesion  and  distant  metastasis.  The  status  of  this  molecule  in 
circulating  PCa  cells  could  also  be  an  important  functional  biomarker  for  prediction  of 
disease  behavior. 

We  also  invented  a  technique  to  capture  CTC’s  which  will  help  in  identifying  the 
aggressive  type  of  PCa  cells  to  characterize  and  also  to  analyze  for  the  customization  of 
PCa  treatment  for  individual  patients. 

Eurther  study  needs  to  be  done  to  confirm  and  establish  these  achievements. 


OTHER  ACHIEVEMENTS 

Successfully  defended  final  Ph.D.  dissertation  on  May  14,  2014,  Department  of  Chemical 
Engineering,  University  of  Rochester,  Rochester  New  York. 

(Please  see  the  appendices) 
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APPENDICES 

Please  see  2  forwarded  emails. 

TRAINING  OR  FELLOWSHIP  AWARDS 

Opportunities  for  training  and  professional  development  the  project  has  provided: 

1 .  Allowed  to  complete  the  course  work  for  the  PhD  program. 

2.  Provided  the  opportunity  to  one  work  with  mentor  Dr.  YiFen  Fee. 

3.  Allowed  increased  knowledge  and  skill  by  participating  in  the 
following  conferences  and  seminars: 

Poster  presentation:  American  Urological  Association  (AUA),  Annual  Scientific  Meeting, 
Orlando,  Florida,  May  16-21,  2014. 

“E-selectin  Figand-1  Controls  Circulating  Prostate  Cancer  Cell  Rolling/ Adhesion  and 
Metastasis”. 

Authors:  Sayeda  Yasmin-Karim,  Michael  R.  King,  Edward  Messing  and  Yi-Fen  Fee. 


University  of  Rochester  Graduate  Research  Showcase,  University  of  Rochester,  April  18, 
2013. 

“Capture  and  Analyzing  of  Prostate  Cancer  Stem  cells  using  a  Microcirculatory 
Channel”. 

Authors:  Sayeda  Yasmin-Karim,  Huei-Ju  Ting,  Michael  R.  King,  Edward  Messing  and 
Yi-Fen  Fee. 
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American  Urological  Association  (AUA),  Annual  Scientific  Meeting,  Atlanta,  Georgia, 

May  19  -  23,  2012.  “Capture  and  Analyzing  of  Prostate  Cancer  Stem  cells  using  a 
Microcirculatory  Channel”. 

Authors:  SayedaYasmin-Karim,  Huei-Ju  Ting,  Michael  King,  Edward  Messing  and  Yi- 
Fen  Lee. 

•  Participate  in  bi-weekly  ‘Journal  -Club’  study  group. 

•  Participate  in  bi-weekly  ‘Lab-meeting’  for  working  data  presentation  and  discussion. 

•  Participate  in  weekly  meeting  with  mentor  Dr.  YiFen  Lee  for  research  project  discussion. 
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Ph.D  Defense 


Influence  of  Selectin  Mediated  Rolling/Adhesion  Dynamics  in  Prostate  Cancer  Metastasis:  a  Micro¬ 
Channel  Model 


Abstract 


Sayeda  Yasmin- Karim 

Professor  Yi-Fen  Lee,  Department  of  Urology,  Co-Advisor 
Professor  David  Wu,  Department  of  Chemical  Engineering,  Co-Advisor 


Prostate  cancer  is  the  second  most  common  cancer  in  men  in  America  and  metastasis  is  the  cause  of  death  in  most  patients. 
Circulating  prostate  cancer  cells  preferentially  roll  and  adhere  on  bone  marrow  vascular  endothelial  cells  where  abundant  E-selectin  and 
stromal  cell-derived  factor  1  (SDF-1)  are  expressed,  subsequently  initiating  a  cascade  of  activation  events  that  eventually  lead  to  the 
development  of  metastases.  To  elucidate  the  importance  of  circulating  prostate  cancer  cells’  rolling  and  adhesion  behaviors  in  the 
development  of  metastasis,  we  applied  a  dynamic  cylindrical  flow-based  microchannel  device  that  is  coated  with  E-selectin  and  SDF-1, 
mimicking  capillary  endothelium,  and  allowing  prostate  cancer  cells  to  roll  and  adhere  under  flow. 

We  reported  that  prostate  cancer  cells’  rolling  ability  positively  correlates  with  their  aggressiveness.  Using  this  device  we  were  able 
to  capture  a  small  fraction  of  rolling  prostate  cancer  cells  and  characterize  their  behavior  and  genetic  contents.  The  rolling  cells  possess  high 
adhesion  ability  and  display  aggressive  cancer  phenotype  in  vitro  and  in  vivo  compared  to  non-rolling/floating  cells.  Moreover,  the 
expression  level  of  genes  associated  with  cancer  stem  cells  and  cancer  metastasis  was  found  to  be  elevated  in  rolling  prostate  cancer  cells. 
Importantly,  the  expression  of  E-selectin  ligand- 1  (ESL-1)  was  overexpressed  in  rolling  cells  and  knock  down  of  ESL-1  significantly 
impaired  prostate  cancer  cells’  rolling  capacity  and  cancer  aggressive  phenotypes.  Detailed  mechanism  studies  revealed  that  ESL-1  activates 
RAS,  consequently  inducing  a  signal  cascade  such  as  MAP  kinase  and  its  downstream  targets  to  influence  cell  proliferation  and  migration. 
The  elevated  level  of  ESL-1  was  also  found  in  the  metastatic  prostate  cancer  patients,  comparison  to  normal  prostate  and  primary  tumors, 
through  the  public  microarray  repositories  from  NCBI  Gene  Expression  Omnibus. 


In  conclusion,  ESL-1  and  its  induced  oncogenic  pathways  represent  new  therapeutic  targets  that  control  circulating  prostate  cancer 
cells’  rolling,  adhesion  and  distant  metastasis.  This  flow-based  microchannel  system  represents  a  powerful  way  to  capture  a  small  population 
of  the  most  aggressive  group  of  circulating  prostate  cancer  cells  and  provide  a  functional  platform  to  develop  a  strategy  to  stop  prostate 
cancer  invasion  by  interrupting  these  circulating  prostate  cancer  cells’  rolling/adhesion  ability. 


Wednesday,  May  14,  2014,  2:00  PM 
W.  W.  Seott  Conference  Room  (1-533^ 


Conway,  Patricia  A 


From: 

Sent: 

To: 

Subject: 


Yasmin-Karim,  Sayeda 
Monday,  June  09,  2014  9:13  AM 
Conway,  Patricia  A 

FW:  Celebration  for  Dr.  Yasmin-Karim  in  Chen's  Garden  tomrrow  noon. 


From:  Lee,  YiFen 

Sent:  Wednesday,  May  14,  2014  5:25  PM 

To:  Wu,  Chia-Flao;  Silvers,  Christopher  R;  Yin,  Peng-Nien;  FIsu,  Jong-Wei;  Moses,  Michael;  Si,  Shuhui;  Conway,  Patricia 
A;  Steinorth,  Deborah;  Schoen,  Sue 
Cc:  Yasmin-Karim,  Sayeda 

Subject:  Celebration  for  Dr.  Yasmin-Karim  in  Chen's  Garden  tomrrow  noon. 

Dear  All, 

Sayeda  has  passed  her  thesis  defense  today. 

Yeah!!  She  did  it!!  We  can  now  call  her  "Dr.  Yasmin-Karim". 

You  are  all  invited  to  a  celebration  luncheon 
When:  tomorrow  @12:15 

Where:  Chen  Garden—  1750  Monroe  Ave,  Rochester  NY  14618 
PS:  To  get  a  headcount,  please  let  me  know  if  you  can  be  there! 

Yi-Fen 
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